Biodiesel is methyl and ethyl esters of long-chain fatty acids produced from vegetable oils or animal fats. Lipase enzymes have occasionally been used for the production of this biofuel. Recently, biodiesel production using immobilized lipase has received increased attention. Through enhanced stability and reusability, immobilized lipase can contribute to the reduction of the costs inherent to biodiesel production. In this study, methanol-tolerant lipase M37 from Photobacterium lipolyticum was immobilized using the cross-linked enzyme aggregate (CLEA) method. Lipase M37 has a high lysine content (9.7%) in its protein sequence. Most lysine residues are located evenly over the surface of the protein, except for the lid structure region, which makes the CLEA preparation yield quite high (~93%). CLEA M37 evidences an optimal temperature of 30 o C, and an optimal pH of 9-10. It was stable up to 50 o C and in a pH range of 4.0-11.0. Both soluble M37 and CLEA M37 were stable in the presence of high concentrations of methanol, ethanol, 1-propanol, and n-butanol. That is, their activities were maintained at solvent concentrations above 10% (v/v). CLEA M37 could produce biodiesel from olive oil and alcohols such as methanol and ethanol. Additionally, CLEA M37 generated biodiesel via both 2-step methanol feeding procedures. Considering its physical stability and reusability, CLEA M37 may potentially be used as a catalyst in organic synthesis, including the biodiesel production reaction.
Lipases are versatile enzymes that catalyze the hydrolysis, esterification, alcoholysis, acidolysis, and transesterification reactions [13] . A number of lipases from microorganisms, animals, and plants have been isolated and characterized. Additionally, their genes have been cloned and expressed in heterologous hosts. Microbial lipases are the most diverse enzymes in terms of their enzymatic properties [3] . Each lipase enzyme has characteristic substrate specificity, position specificity, and chiral selectivity. As such, these enzymes are widely employed in the production of fatty acids and the interesterification of fats in the food, pharmaceutical, fine-chemical, and energy industries [4] .
For the efficient and economic use of lipase enzymes, they should be recoverable after enzyme reactions and should be able to be reused several times. Many diverse immobilization methods have been developed for this purpose. Among these are some methods that require rigid supports: most notably, covalent immobilization [9, 11, 17] , ionic immobilization [20] , and hydrophobic adsorption [2] . However, methods for the immobilization of enzymes without the use of supports are gaining in importance because they offer the advantages of high volumetric productivity and lower production costs [16, 17] . That is, it has been demonstrated that the chemical cross-linking of enzyme precipitates generates quite robust biocatalysts. This method is attractive for its simplicity and robustness, as well as the possibility of using a semipurified enzyme.
Recently, many lipase enzymes have been frequently used for the production of biodiesel, a renewable and ecofriendly energy source [12] . Biodiesel is a fatty acid ester compound, which is generated via the reaction of a variety of vegetable oils, animal fats, algal oils, and waste cooking oils with alcohols. Owing to the similarity of its properties to those of petroleum light oil, it can be utilized in compression ignition diesel engines via substitution or by mixing in petroleum light oil [19] . Biodiesel can be chemically synthesized with acid or alkaline catalysts. Here, lipase enzymes could be applied for biodiesel production in an eco-friendly manner [14] . For decades, much of the literature relevant to this topic has been focused largely on the process of biodiesel production using microbial lipases [2, 9, 11, 20] . Among these, Candida antarctica lipase B (CalB) has been most frequently utilized, owing primarily to its profound ability to carry out the biodiesel production reaction with a variety of plant oils. However, as CalB is rapidly inactivated in the presence of high methanol concentrations, a multi-stepwise methanol feeding procedure has been required for some time [1, 8] .
Photobacterium lipolyticum M37 lipase has recently been determined to be methanol-stable and to be capable of efficiently producing biodiesel using olive oil and wasted cooking oil [21] . In this study, we immobilized M37 lipase via the CLEA method and characterized its biochemical properties, and subsequently compared them with those of the soluble M37 enzyme. We then used CLEA M37 for the production of biodiesel.
MATERIALS AND METHODS

Materials
Candida antarctica lipase B adsorbed onto a macroporous resin (Novozyme 435), glutaraldehyde, p-nitrophenyl caprylate (p-NPC), olive oil, and fatty acid methyl esters were purchased from SigmaAldrich Co. (St. Louis, MO, USA). Methanol was purchased from Merck Chemical Co. (Darmstadt, Germany). All other chemicals were of analytical grade.
Production and Preparation of M37 Lipase
Escherichia coli BL21 (DE3)/pEML37 [15] was cultured in 300 ml of LB medium (1% tryptone, 0.5% yeast extract, 1% sodium chloride) containing 100 µg/ml of ampicillin. Seed cultures were prepared at 37 The cultured cells were then harvested via centrifugation (6,000 ×g, 10 min) and resuspended in 6 ml of 50 mM potassium phosphate buffer (pH 7.5). The cells were lysed with an ultrasonicator and the soluble fraction was obtained via centrifugation (12,000 ×g, 10 min). This cell-free extract was then utilized for the preparation of CLEA.
Preparation of CLEA M37
Ammonium sulfate was added to the above cell-free extract (6 ml) to a saturation of 30% at 4 o C. After mixing the mixture for 30 min, the supernatant was obtained via 10 min of centrifugation at 10,000 ×g. Ammonium sulfate was subsequently added to a saturation of 70% to precipitate the proteins in the supernatant. Glutaraldehyde was added to a final concentration of 25 mM, and the suspension was stirred for 20 h at 4 o C in order to cross-link the precipitated proteins. After 10 min of centrifugation at 10,000 ×g, the supernatant was decanted and the pellet (CLEA M37) was washed three times with potassium phosphate buffer (50 mM, pH 7.5) to remove the unreacted glutaraldehyde. The washed CLEAs were resuspended in 6 ml of the washing buffer and stored at 4 o C. The shape and surface morphology of the CLEA M37 were evaluated using an optical microscope (model BX41; Olympus, Japan) and a scanning electron microscope (SEM) (model JSM 5410 LV; JEOL, Tokyo, Japan). For optical microscopic visualization, CLEAs were stained with Coomassie Brilliant Blue. For SEM observation, the samples were dried at ambient temperature and then coated with gold.
Lipase Activity Assay Lipase activity was measured via a colorimetric assay using pnitrophenyl caprylate (p-NPC) [7] . The reaction mixture (1 ml) consisted of 10 µl of p-NPC (100 mM in acetonitrile), 40 µl of ethanol, and 950 µl of Tris-HCl buffer (50 mM, pH 8.0). Enzyme solution was added and incubated for 4 min at 30 o C, after which the OD 4 0 5 n m was measured. One unit of enzyme activity was defined as the quantity of enzyme required to generate 1 µmol of p-nitrophenol via the hydrolysis of p-NPC substrate in 1 min.
Temperature and pH Effects on CLEA M37
The effects of temperature and pH were evaluated using soluble M37 and CLEA M37. In order to determine the optimal temperature, activity was assayed at various temperatures (10-40 o C). In order to estimate temperature stability, soluble M37 and CLEA M37 were incubated for 30 min at various temperatures (10-70 o C), and the residual activity was assessed by the p-NPC spectrophotometric assay.
To determine the optimum pH, the following buffers (50 mM) were utilized: pH 3-6, acetic acid/sodium acetate; pH 6-7.5, KH . To confirm the pH stability, the enzyme was pre-incubated in the pH buffers listed above for 30 min at 30 o C, and then the residual activity was measured via p-NPC spectrophotometric assay.
Effects of Various Organic Solvents
Soluble M37, CLEA M37, and CalB were mixed with an increasing concentration of different organic solvents, including methanol, ethanol, 1-propanol, and n-butanol. After 30 min of incubation at 30 o C, their residual activities were assayed via the p-NPC spectrophotometric method. In the case of soluble M37, lipase activity in the supernatant was measured after removing the precipitate via 5 min of centrifugation at 10,000 ×g.
Biodiesel Production Reaction
The enzymatic bioconversion of olive oil into biodiesel was carried out as follows. First, olive oil (500 µl) and various alcohols (methanol, ethanol, 1-propanol, and n-butanol) were mixed. Each alcohol was added twice, at 0 and 12 h of the reaction process, to make a final molar ratio of 1:3 (olive oil:alcohol). Soluble M37 (22 U/250 µl) or CLEA M37 (10 U/250 µl) was added to the reaction mixtures. The conversion reaction was performed for 24 h at 40 o C with rotary shaking at 230 rpm.
Second, olive oil (3 ml) and methanol were mixed with CLEA M37 (540 U/2.058 ml) and the conversion reaction was conducted for 12 h at 40 o C with rotary shaking at 230 rpm. The final molar ratio of olive oil to methanol was 1:4. In the 2-stepwise reaction process, 252 µl of methanol was added to the tube twice at 0 and 6 h of reaction. To adjust the pH range between 7.0 and 7.5, 1 M sodium hydroxide was added during the reaction using CLEA M37. At predetermined time intervals, 200 µl of reaction mixture was obtained and then mixed for 2 min with 1 ml of hexane, after centrifugal separation. Six µl of the upper layer was applied to a silica gel plate. Hexane/ethyl acetate/acetic acid (90:10:1) was utilized as a developing solvent. After development, methanol/sulfuric acid (1:1) was used as a color reagent. After spraying color reagent over the silica gel plate, the plate was heated at high temperature and analyzed.
Gas Chromatography Analysis of the Reaction Products
The reaction sample prepared via the TLC method was analyzed using a gas chromatograph system (Hewlett-Packard 7890 Series II) equipped with a HP-5 column (cross-linked 5% PH ME Siloxane, 0.32 mm × 30 m) and a FID detector. The column temperature was increased from 70 
RESULTS AND DISCUSSION
Preparation of CLEA M37 Preparation of the cross-linked enzyme aggregate is a useful method for the immobilization of industrial enzymes Recombinant E. coli cells (culture volume 300 ml) was harvested, resuspended in 6 ml of 50 mM potassium phosphate buffer (pH 7.5), and lysed with an ultrasonicator. Cell-free extract (soluble M37) was obtained by centrifugation.
b CLEA M37 was resuspended in 6 ml of 50 mM potassium phosphate buffer (pH 7.5) after CLEA preparation using 6 ml of cell-free extract. Fig. 1 . The 3D structure of lipase M37. [6, 10, 17]. In this research, recombinant M37 lipase [15] was produced in E. coli cells and the cell-free extract was prepared via ultrasonic cell lysis. Afterward, CLEA M37 was prepared by ammonium sulfate precipitation and the subsequent glutaraldehyde cross-linking process. The lipase activity of the resultant CLEA M37 preparation was 4.99 U/ml and the yield was 93% ( Table 1 ). The yield was considerably high, which might be associated with the high lysine residue content (33 residues/340 residues, 9.7%) in the protein sequence of M37 lipase [15] . The elucidated X-ray crystal structure (PDB ID: 2ORY) [5] of M37 lipase showed that it had a large number of lysine residues on its surface (Fig. 1) . Such structural properties are known to be required for efficient CLEA preparation [18] . On the contrary, lysine residues were absent in the lid structure (residues 94-110, α3) of M37 lipase, which explained how CLEA M37 could retain its lipase activity, although many inter-and intra-cross linkings were also made during the preparation of CLEA. The size of one CLEA particle was estimated to be approximately 1 µm in diameter as shown on SEM, and they were capable of aggregating rapidly into a superstructure when centrifuged in a microtube (Fig. 2) . However, they were readily resuspended by inversion and could therefore be used for bioconversion reactions as a biocatalyst.
Biochemical Properties of CLEA M37
The effects of temperature and pH on the soluble M37 lipase were reported in a previous report [15] . In this study, the activity and stability of the prepared CLEA M37 were C. This temperature property was similar to that of the soluble M37 enzyme. CLEA M37 evidenced a rather broad optimum pH range of 9-11, and was stable in a broad pH range of 4-11. This pH property was also similar to that of the soluble M37 enzyme. Accordingly, cross-linking between enzyme molecules appeared not to alter the temperature and pH properties of the soluble M37 lipase.
As the stability toward organic solvents was shown to be crucial for organic synthesis, the stabilities of soluble M37 and CLEA M37 were tested in a variety of organic solvents including methanol, ethanol, 1-propanol, and nbutanol (Fig. 4) . Candida antarctica lipase B (CalB) was also tested for purposes of comparison. The residual activity of CalB decreased rapidly as the concentration of each organic solvent increased. When the concentrations of organic solvent were higher than 20%, the residual activities decreased to less than 30% within 30 min of incubation. The soluble M37 proved rather stable in the presence of organic solvents. That is, even in the presence of 30% organic solvent, the residual activity was higher than 60%. In the case of CLEA M37, the residual activity was substantially higher than that of soluble M37. Its activity was maintained even in the presence of 60% organic solvents. This result demonstrated that CLEA M37 was stable in a variety of organic solvents, and suggested that it might prove useful as a biocatalyst in a variety of organic synthesis reactions.
Two major benefits of enzyme immobilization are its easy recovery and capacity for repeated usage in bioconversion reactions. As previously described, CLEA M37 had a globular structure with a diameter of 1 µm, and precipitated rapidly. Thus, it could be recovered via low-speed centrifugation (3,000 ×g, 5 min). After recovery and resuspension, CLEA M37 evidenced almost identical enzyme activity. After 6 cycles of recovery, it maintained an enzyme activity in excess of 70% (Fig. 5 ). This result implied that CLEA M37 could be employed several times in the biotransformation process. CLEA M37 was recovered several times, and its residual activity was measured using the p-NPC assay method.
Biodiesel Production Using CLEA M37 Fatty acid methyl ester has been previously produced from plant oils using a variety of microbial lipases, and has also been employed as a biodiesel fuel, as previously described [8, 9, 11, 14] . In this study, biodiesel production reactions were carried out using soluble M37 and CLEA M37 with olive oil and a variety of alcohols, including methanol, ethanol, 1-propanol, and n-butanol (Fig. 6) . Soluble M37 could produce biodiesel (fatty acid esters) using olive oil and the four different alcohols tested. This result indicates that ethanol, 1-propanol, and n-butanol, as well as methanol, can serve as efficient alcohol substrates for biodiesel production.
On the other hand, CLEA M37 could produce biodiesel when methanol and ethanol were used as alcohol substrates. When 1-propanol and n-butanol were used as alcohol substrates, biodiesel was not produced. This appears to be related to a mass transfer problem with the two alcohols. However, further study will be required to precisely determine why the two alcohol substrates could not be used as substrates in the CLEA aggregate.
For biodiesel production using CLEA M37, we selected methanol as an alcohol substrate. The amount of biodiesel produced during the reaction was analyzed via TLC with a set time course (Fig. 7) . We added methanol to the reaction mixture at 0 and 6 h. As a result of this 2-step feeding process, most of the olive oil spots disappeared and the biodiesel spot sizes increased over time. In this process, considerable amounts of free fatty acid (FFA) were also produced. After the second addition of methanol, the FFA spot size was slightly decreased and the biodiesel spot size increased, apparently as the result of the esterification reaction of FFA and methanol.
GC analysis results demonstrated that CLEA M37 achieved a conversion yield of 64% as the result of the 2-step process. It was reported previously that CalB lipase achieved a low conversion yield by the 2-step process for its instability in methanol solvent [8, 21] . As the 2-step process is substantially more convenient and economic than the 3-step process, CLEA M37 can be efficiently (A) Control 1 is olive oil. Control 2 is the reaction product obtained from cell extract of E. coli BL21 (DE3) harboring the pET 22 vetor. Biodiesel sample is methyl oleate. (B) Soluble M37 (cell-free extract) was employed for biodiesel production using olive oil and various alcohols. (C) CLEA M37 was used for biodiesel production with olive oil and various alcohols. After the enzyme reaction, the reaction products were analyzed via thin-layer chromatography. Fig. 7 . Biodiesel production of CLEA M37.
(A) GC chromatogram of standard compounds including methyl palmitate, methyl oleate, and methyl stearate. (B) GC chromatogram of reaction products obtained after 12 h incubation. (C) CLEA M37 was used for biodiesel production using olive oil and methanol. After the enzyme reaction, the reaction products were analyzed via thin-layer chromatography. Methanol was added at times 0 and 6 h. (D) After the enzyme reaction, the reaction product was analyzed via gas chromatography. employed in biodiesel production, by replacing CalB lipase. Thus, extensive study of the optimization and the scalingup of the CLEA M37 reaction system will be required for the efficient industrial production of biodiesel.
The findings of this research demonstrated that M37 lipase was efficiently immobilized via the cross-linked enzyme aggregation method for its suitably biased lysine distribution on the protein surface. This CLEA M37 had the same enzymatic properties as soluble M37 lipase; it evidenced stability in organic solvents and the ability to generate biodiesel using olive oil and methanol. Our findings demonstrate that CLEA M37 may prove useful as a biocatalyst in organic synthesis processes, including biodiesel production.
